Purpose: To analyze the visual and refractive outcomes of combined accelerated cross-linking with femtosecond laser intracorneal ring segment implantation for the treatment of pediatric keratoconus. Materials and Methods: This retrospective multicenter noncomparative clinical study included 63 eyes of 37 patients (age, 9-17 years) who underwent between August and September 2016 combined crosslinking with intracorneal ring segment implantation for keratoconus. Preoperative and postoperative (6, 12, and 18 months) uncorrected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA), subjective refractions, keratometry (K), and pachymetry measurements were compared. Results: The postoperative spherical equivalent refraction was within ±1 D, ±2 D, and ±3 D in 19 (30.2%), 27 (42.9%), and 37 (58.8%) eyes, respectively. Only 27 eyes achieved the attempted preoperative spherical equivalent refraction. The mean spherical equivalent refraction significantly improved from −6.01 ± 2.97 to −3.13 ± 2.78 D postoperatively (P < 0.0001). The mean K average reading significantly decreased from 48.75 ± 4.25 to 46.65 ± 3.89 D postoperatively (P < 0.0001). The mean postoperative myopic, astigmatic, and spherical equivalent corrections were −2.17 ± 2.19, −1.52 ± 2.03, and −2.93 ± 2.35 D, respectively. The mean UDVA and CDVA showed significant improvements (0.89 ± 0.33 to 0.40 ± 0.28, P < 0.0001; 0.35 ± 0.31 to 0.25 ± 0.24, P = 0.004; respectively) at 18 months postoperatively. Keratoconus progression, segment migration, and segment extrusion were seen in four (6.4%), one (1.6%), and three (4.7%) eyes, respectively, probably contributing to the lower mean postoperative CDVA. Conclusion: Cross-linking plus is only partially effective for pediatric keratoconus. Despite some improvements in vision and keratometry measures, it resulted in complications such as keratoconus progression, segment extrusion, and segment migration that affected the vision in some patients. These findings suggest an assessment of standard epithelium-off collagen cross-linking as a sole procedure to treat pediatric keratoconus in future studies.
Introduction
Advances in corneal topographic analysis have greatly facilitated the early diagnosis of keratoconus (KC), an ectatic noninflammatory disease, and helped in documenting KC progression. Higher rates of corneal thinning at the thinnest location, increasing keratometry (K) readings, and higher central back elevation are the risk factors for KC progression. 1 Most patients with KC experience progressive thinning and weakening of the corneal stromal tissue, leading to the development of a conical cornea. Furthermore, KC is usually associated with progressive myopia and irregular astigmatism, which lead to progressive visual deterioration. 2 However, appropriate management of KC remains an unresolved issue to date.
Pediatric KC includes all cases of KC in patients aged under 18 years. In general, many studies have documented that pediatric KC has a more aggressive and progressive course than adult KC. [3] [4] [5] [6] Other studies have reported an inverse relationship between the age at KC onset and its severity. 7, 8 In addition, they demonstrate that the presence of keratoconic corneas in children is associated with a sevenfold higher chance of requiring a keratoplasty in comparison to that in older patients. Vernal keratoconjunctivitis (VKC) is a primary cause of treatment failure in pediatric KC, which may negatively influence the education and lifestyle of these young patients. 9 There are many challenges in treating pediatric KC including difficulties in obtaining accurate corneal topography measurements, tolerating contact lenses, and preventing eye rubbing. The long-term nature of VKC is frequently associated with behavioral eye rubbing as well as limbal stem cell dysfunction and deficiency with an increase in inflammatory markers of the tear film. 3, 7, 9 Currently, the only available therapeutic approach for KC is corneal collagen cross-linking (CXL), which halts the progression of KC pathology and, thus, prevents further visual deterioration. Although other known treatment modalities, such as intracorneal ring segment (ICRS) implantation and wavefront-guided photorefractive keratectomy (WFG PRK), can improve the refractive status of the keratoconic eye and help to reduce anterior corneal surface irregularities and higher-order aberrations, they cannot prevent KC progression. 10, 11 Cross-linking plus (CXL-Plus) uses a combination of CXL to halt KC progression and another refractive procedure, such as ICRS and WFG PRK, to improve the postoperative visual outcomes. 11, 12 Many studies have reported the outcomes of using CXL-Plus in adults with KC and concluded that CXL-Plus is an effective and safe procedure to treat KC in adults. [11] [12] [13] Other studies have also reported good results with CXL and ICRS implantation in pediatric KC. [14] [15] [16] To determine whether CXL-Plus could provide similarly good results in the treatment of pediatric KC, our study aimed to analyze the visual and refractive outcomes with respect to the stability and effectiveness of CXL combined with femtosecond laser ICRS implantation in pediatric KC.
Materials and methods
Our study employed a retrospective multicenter design. All surgeries were performed by five experienced surgeons at the Sohag University and Alexandria University Hospitals. The authors obtained the approval of the Medical Ethics Committee at Sohag University Hospital for a study from August 2016 to April 2018. This study followed the principles of the Declaration of Helsinki. All data were collected from the patients' medical files, and informed consent was obtained from the parents of the pediatric KC patients.
Our study enrolled 63 eyes of 37 pediatric KC patients (age, 9-17 years) who underwent accelerated epithelium-on CXL along with femtosecond laser Keraring (Mediphacos Inc., Belo Horizonte, Brazil) implantation (i.e. CXL-Plus) for treatment of KC. The devices used in our study included the CSO SIRIUS Topographer (CSO, Firenze, Italy), the advanced femtosecond laser (iFS; Abbott Laboratories, Abbott Park, IL, USA), the KXL System (Avedro Inc., MA, USA), and the Opto XLink CXL system (Opto Global Pty Ltd., Adelaide, Australia).
All study eyes fulfilled the following criteria: age < 18 years; grade 1, 2, or 3 KC (Amsler-Krumeich classification); documented KC progression (on the basis of the presence of two or more of the following criteria: increase of >1 D in the maximum simulated keratometry [K max ] value, decrease of >2% in the corneal thickness, increase of >0.5 D in the spherical equivalent [SE] value, and an increase in the K readings on the posterior corneal surface or in the back surface elevation), Keraring selection from the Standard Keraring Nomogram, CXL-Plus performed using the KXL System and advanced femtosecond laser, and 18-month follow-up data available. The patient information included the results of uncorrected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA) measurements, slit-lamp examinations, subjective refraction assessments, and corneal topography assessments performed preoperatively and at 6, 12, and 18 months postoperatively.
Surgical procedure
All five surgeons followed similar procedures. The SI-5 Keraring segment had a 5.0-mm optical zone with a triangular cross-sectional design. The decision to use a single or two Keraring segments was made on the basis of the Standard Keraring Nomogram (Mediphacos Nomogram for Keraring calculation guidelines 2009 version 5.2).
The first step in the CXL-Plus procedure was the implantation of the Keraring segments using the femtosecond laser, which created a corneal tunnel with the following parameters: inner diameter, 5 mm; outer diameter, 5.9 mm; tunnel depth, 80% of the corneal thickness at the thinnest location; and incision site created according to the direction of the steepest corneal meridian.
Topical benoxinate hydrochloride 0.4% anesthetic eye drops (Benox, Sterile Ophthalmic Solution, Pharmaceutical Industries Company, E.I.P.I.CO., Egypt) were instilled into the eye 10 min before the surgery. In children who did not tolerate topical anesthesia, the general anesthetic Ketalar (Ketamine HCl 50 mg/mL Injection Vial 10 mL CIV; JHP Pharmaceuticals, NY, USA) was used. The corneal center was marked by asking the patient to fixate the eye at a flashing light. The suction ring was applied onto the eye, which was followed by corneal tunnel formation using the femtosecond laser device with 5-mJ energy. Tunnel patency was checked by using a spatula to be passed through the tunnel limbs. Implantation of the nasal and temporal Keraring segments or a single segment was performed through the corneal tunnel.
Accelerated epithelium-on CXL was performed using the Avedro KXL system. According to the Avedro nomogram, two types of riboflavin had to be administered to the cornea. The first type was ParaCel riboflavin, which was instilled three times at 90-s intervals over a 4.5-min period. The second type was Vibex Xtra riboflavin, which was instilled four times at 90-s intervals over a 6-min period. The total soaking time was 10.5 min. A total energy dose of 7.2 J/cm 2 was delivered at 45-mW/cm 2 intensity. The pulsed mode was used (1 s on and 1 s off) to achieve a total ultraviolet (UV) duration of 160 s, with the total treatment duration being 320 s. At the end of the surgery, a bandage contact lens (CooperVision; The Cooper Companies, Inc. California, USA) was placed onto the cornea, followed by administration of gatifloxacin 0.3% eye drops (Zymar; Allergan, Inc., Jersey City, USA).
Postoperative medication, care, and follow-up Topical therapy was prescribed for all patients in the first three postoperative weeks. The topical therapy included three types of eye drops: gatifloxacin 0.3% eye drops, prednisolone acetate 1% eye drops (Econopred Plus; Alcon Laboratories, Inc, Texas, USA), and sodium hyaluronate 0.15% eye drops (Hyabak; THEA Laboratories, ClermontFerrand, France). The patients were instructed to take the three topical medications five times daily in the first postoperative week, three times daily in the second postoperative week, and twice daily in the third postoperative week.
All patients were followed up for 18 months with data collection at the postoperative 6-, 12-, and 18-month visits. All eyes underwent postoperative UDVA and CDVA measurements, subjective refraction assessments, slit-lamp examinations, and corneal topography analyses at each follow-up visit.
Statistical analysis
The social sciences software (SPSS version 22 for Windows -SPSS 22, IBM, Armonk, NY, USA) with its statistical package were used for data analysis. Range, median, mean, and standard deviation (SD) were used to describe the quantitative data. Number and percentage were used to describe qualitative data. When data were normally distributed according to the Kolmogorov-Smirnov test, a paired sample t-test was used, whereas the Wilcoxon paired test was applied for nonparametric data. Comparisons were made between preoperative and postoperative follow-up data at 6, 12, and 18 months using an RMANOVA for repeated measures with the Bonferroni post hoc test to examine the difference at each time point. The different time points were used as withinsubject factors, while the surgeons were used as betweensubject factors. P values less than 0.05 were considered statistically significant.
Results
Eight eyes (12.7%) underwent accelerated CXL with implantation of one Keraring segment, while 55 eyes (87.3%) underwent accelerated CXL with implantation of two Keraring segments.
Visual and topographic outcomes
At the 18-month follow-up examination, the mean UDVA had improved significantly from 0.89 ± 0.33 logMAR preoperatively to 0.40 ± 0.28 logMAR (mean ± SD; P < 0.0001). Similarly, the mean CDVA had improved slightly from 0.35 ± 0.31 logMAR preoperatively to 0.25 ± 0.24 logMAR (P = 0.004), which is a less pronounced improvement compared to that observed in UDVA. Figure 1A shows the cumulative logMAR visual acuity of both postoperative UDVA and CDVA.
In a comparison of the postoperative UDVA with the preoperative CDVA, both components were similar in 12 eyes (19%). At the end of the 18-month follow-up period, the postoperative UDVA was better than the preoperative CDVA in 17 eyes (27%), whereas it was worse in 34 eyes (54%) ( Figure 1B) .
The mean K1, K2, and K average decreased from 46.51 ± 4.11 D, 51.03 ± 4.65 D, and 48.75 ± 4.25 D preoperatively to 44.56 ± 3.53 D, 48.74 ± 4.53 D, and 46.65 ± 3.89 D, respectively (all P < 0.0001). The mean corneal thickness at the thinnest location showed a significant reduction from 447.76 ± 31.12 to 442.33 ± 36.79 µm (P = 0.02) at the postoperative 18-month follow-up. Table 1 shows the summary of the preoperative and postoperative visual and topographic outcomes.
Refractive outcomes
In general, all refractive components of sphere (mean difference, 95% confidence interval [ Figure 1C ). In addition, the mean cylindrical component showed a significant improvement from −4.65 ± 1.78 D preoperatively to −3.20 ± 1.67 D postoperatively (P < 0.0001; Figure 1D ). The mean spherical component showed a marked improvement from −3.69 ± 3.07 D preoperatively to −1.52 ± 2.41 D postoperatively (P < 0.0001; Figure 1E ). Figure 1F shows the attempted refraction in relation to the achieved refraction. The SE refraction target set before the operation was a postoperative SE refraction within ±2 D. At the end of the follow-up period, 27 eyes (42.9%) met this SE refraction target. In addition, 37 eyes (58.8%) showed a postoperative SE refraction within ±3 D.
Furthermore, all refractive components showed a stable development in the follow-up evaluations at the 6th, 12th, and 18th month with statistically insignificant differences between time points (Table 1, Figure 1G , H). The mean SE refraction was −3.25 ± 2.83 D, −3.07 ± 2.79, and −3.13 ± 2.78 (P4 = 0.052, P5 = 0.24, and P6 = 1.00, respectively; see Table 1 ) at the 6th, 12th, and 18th follow-up month, respectively. Table 1 summarizes the preoperative and postoperative visual, topographic, and refractive outcomes using ANOVAs with repeated measures and post hoc analysis, including P values and 95% CIs. Figure 2 shows the preoperative and postoperative corneal topographies of the left eye of a 14-year-old female patient who underwent accelerated CXL along with femtosecond laser-based implantation of two Keraring segments. It demonstrates the good stability of the K readings and refractive outcomes at the 6th, 12th, and 18th month follow-up. Table 2 shows the visual, topographic, and refractive outcomes of this case. Figures 3 and 4 show the topographies of the youngest and the oldest patient.
Complications
Complications were observed in eight eyes (12.7%). One eye (1.6%) showed migration of the Keraring toward the end of the incision site. The patient was an 11-year-old boy with a history of eye rubbing and redness in the first postoperative week. The patient was followed up during the first postoperative month, but the ring edge continued to migrate and reached the incision site. The two segments were explanted. The patient's parents refused an ICRS reimplantation procedure, and spectacles were prescribed for the patient, who was continually monitored over the 18-month follow-up period. Table 3 shows the postoperative refractive follow-up pathway of this case.
Keraring segment extrusion due to intolerance was recorded in three eyes (4.7%) of two patients aged 9 and 11 years who had a history of chronic seasonal allergic conjunctivitis. Chronic eye rubbing was most probably the main risk factor for KC progression in these patients. The three eyes showed signs of frequent eye rubbing, such as marked irritation, redness, and lacrimation. The patients were treated for allergic conjunctivitis, but the three eyes showed an exposure of the Keraring segments' edges, necessitating explantation of the Keraring segments within the first three postoperative months. However, we consider the idea of postponing a Keraring reimplantation until these patients have grown up and the allergic reaction has alleviated, after which the possibility of ICRS reimplantation will be reevaluated. Spectacles were prescribed for visual rehabilitation to both patients, and both of them completed the 18-month follow-up period.
KC progression was recorded in four eyes (6.4%) of three patients. KC progression was diagnosed on the basis of an increase of >1 D in the K reading average in comparison with the preoperative value along with greater corneal thinning and higher back surface elevations. KC progression in the four eyes was diagnosed from the third to sixth postoperative month. All four eyes were subjected to additional procedures that are explained below. Table 3 shows the postoperative visual and refractive outcomes of the eight eyes that presented complications. Over the remaining course of the 18-month follow-up period, all eight eyes showed lower postoperative visual acuity but good stability after management with segment explantations or standard CXL retreatment. 
Additional procedures performed in the four patients with complications
These four eyes (6.4%) of three patients, with KC progression, were subjected to the standard 30-min CXL using the Opto XLink CXL system. The corneal epithelium was removed from the central 4-to 4.5-mm corneal zone, thus avoiding removal of the corneal epithelium that overlies the Keraring segments to avoid postoperative delayed epithelial healing or persistent epithelial defects. Removal of the central corneal epithelium was performed using a Corneal irradiation with UVA was performed for another 30 min with continuation of riboflavin administration at 2-min intervals during UVA corneal irradiation. The parameters that were used to treat these cases included 1.50-mW power and 2.984-mW/cm 2 intensity to deliver a total dose of 5.371 J/cm 2 within 30 min of UVA corneal irradiation. At the end of the surgery, a bandage contact lens (CooperVision) was placed onto the de-epithelialized cornea.
All patients received the same postoperative treatment, which included Ibuprofen tablets (Brufen 400 mg, Abbott Pharmaceuticals, Illinois, USA) twice daily. The topical therapy included antibiotic eye drops (Zymar; Gatifloxacin 0.3%, Allergan, Inc, Jersey City, USA), prednisolone acetate 1% eye drops (Pred Forte; Allergan, Inc), and carboxymethylcellulose sodium 0.5% (Refresh Tears; Allergan, Inc). All eye drops were prescribed five times daily during the first postoperative week and tapered gradually over the next three postoperative weeks. Close follow-ups with careful slit-lamp examinations were performed until complete re-epithelialization was recorded and the contact lens was removed. The three patients continued to use spectacles during the follow-up period.
Discussion
This study found significant improvements in the refractive components after Keraring implementation supplemented with accelerated CXL. The mean SE improved from −6.01 ± 2.97 to −3.13 ± 2.78 D, while the mean myopic and astigmatic components improved from −3.69 ± 3.07 and −4.65 ± 1.78 to −1.52 ± 2.41 and −3.20 ± 1.67, respectively (all P < 0.0001). Twenty-seven eyes (42.9%) achieved the target of a postoperative SE refraction of ±2 D. The mean preoperative UDVA and CDVA improved significantly from 0.89 ± 0.33 and 0.35 ± 0.31 to 0.40 ± 0.28 (P < 0.0001) and 0.25 ± 0.24 (P = 0.004) 18 months postoperatively.
The good refractive and visual outcomes observed in this study could be attributed to the effect of the Keraring implantation, which flattened the cornea and reduced the myopic, astigmatic, and SE components of the KC. 10, [17] [18] [19] [20] The high rate of Keraring explantation in the present study (6.4%) could be attributed to eye rubbing associated with VKC in these eyes. 6, 7, 9, 12, 13, [21] [22] [23] In addition, a high rate of KC progression was noted (6.4%), which could be attributed to the incomplete effectiveness of the accelerated epithelium-on CXL. 24, 25 As mentioned before, all investigated visual acuity parameters improved postoperatively. Abdelmassih et al. studied retrospectively in pediatric patients the 4-year outcomes of ICRS implantation followed by CXL 1 month later. 19 They report a significantly improved mean CDVA after 6 months. Abreu et al. describe a lesser postoperative mean UDVA and CDVA improvement 5 years after ICRS implantation. 20 The main difference between their study and our study was that they implanted Intacs and Intacs SK using the mechanical dissection without CXL while we implanted Kerarings with accelerated CXL using the femtosecond laser for tunnel creation. In addition, Henriquez et al. demonstrate a lesser improvement in both UDVA and CDVA at 12 months postoperatively comparing epithelium-on and epithelium-off CXL groups. 4 In comparison, the greater improvement in visual outcomes in our study could be attributed to the effect of Table 3 . Visual, topographic, and refractive pathways of the eight eyes with complications preoperatively and after 18 months. Keraring implantation which is absent in their study. Mazzotta et al. present evidence for a similar significant improvement in both UDVA and CDVA 10 years after standard CXL. 26 Furthermore, Buzzonetti and Petrocelli report a lesser statistically significant improvement in CDVA, which is only recorded at 18 months postoperatively following transepithelial CXL unlike our study that records this improvement at 6 months postoperatively thanks to the implanted Kerarings. 24 Zotta et al. evaluated the long-term outcomes of standard CXL in pediatric KC patients and observed a similar significant improvement in the CDVA from 0.28 ± 0.17 to 0.14 ± 0.16 logMAR. 17 According to our data, the K readings all decreased significantly postoperative and remained stable over time. For instance, the mean K2 was 49.05 ± 4.57, 49.10 ± 4.72, and 48.74 ± 4.53 at 6, 12, and 18 months postoperatively. Two studies, Henriquez et al. and Abreu et al., report similar improvements in the K readings 12 and 60 months after the surgical procedures. 4, 20 The mean K max improved in Badawi from 49.12 ± 3.7D to 47.9 ± 3.7 D, which is close to the values presented in this study. 27 In their prospective study, Mazzotta et al. demonstrate a stable improvement of the K max in the first eight years after standard CXL, after which they record a 24% KC progression with increase in the K max during the 9th and 10th follow-up years in pediatric patients aged 15 years or younger. 26 In contrast to our study, Buzzonetti and Petrocelli determined a statistically significant deterioration of K readings with KC progression. 24 All refractive components of KC displayed in our study a stable improvement over the whole follow-up period. Similar to the results in our study, the mean SE in Abdelmassih et al. showed a similar significant reduction from −4.00 to −1.56 D. 19 Badawi describes a statistically significant decrease in the mean refractive cylinder from 2.4 ± 1.01 D to 2.01 ± 0.8 D, which is lesser than the improvement in the refractive cylinder in our study as she performed only accelerated epithelium-off CXL without ICRS implantation. 27 By contrast, Buzzonetti and Petrocelli found no statistically significant changes in SE, myopic component, astigmatic component, and corneal thickness at the thinnest location. 24 Their findings are supported by Mazzotta et al. with no statistically significant deviation from the cylinder baseline of 2.90 ± 1.74 D in a 10-year follow-up period. 26 In the present study, eight eyes (12.7%) experienced severe postoperative complications. This includes Keraring segment extrusion in three eyes (4.7%) and segment migration in one eye (1.6%) so that the Keraring had to be explanted in these four eyes (6.4%). Another four eyes (6.4%) showed KC progression and presented a declining postoperative CDVA. In accordance with our data, Abreu et al. report one eye (7.1%) complicated with Intacs extrusion at the seventh postoperative month. 20 In comparison to our results, Godefrooij et al. report a higher percentage of complications. They evaluated standard CXL and recorded 12 eyes (22% of the study eyes) showing KC progression. 18 They attribute this high percentage of disease progression to the decentralization of the cones in these eyes. Furthermore, Mazzotta et al. also had a higher percentage of KC progression within a 10-year follow-up after standard CXL in 13 eyes (24% of the study eyes). 26 By contrast, Tian et al., 14 Sarac et al., 15 Baenninger et al., 16 and Badawi 27 report that no complications occurred in their studies of pediatric keratoconus treatments. Tian et al. conclude that accelerated transepithelial CXL is a safe and effective procedure to treat progressive KC in pediatric patients. 14 Sarac et al. and Philipp et al. compare standard CXL with accelerated CXL and conclude that both procedures are safe and effective with no statistically significant differences. 15, 16 Badawi evaluates accelerated epithelium-off CXL as a safe and effective procedure. 27 Their results do not match our results demonstrating that accelerated epithelium-on CXL is only partially effective in stabilizing the condition as we observed KC progression in four eyes (6.4%).
In accordance with our data, Piñero and Alio reported that ICRS might be not the ideal method for visual rehabilitation in pediatric KC patients because of the chronic eye rubbing due to ICRS intolerance and noncompliance as well as the aggressive and progressive nature of pediatric KC. 21 Many authors have stressed that VKC must be treated aggressively in pediatric KC patients before cross-linking can be initiated. 7, 9, 12, 13, 22, 23, 28, 29 Their statements are supported by the results in our study as four eyes (6.4%) had VKC and eventually required segment migration or extrusion. Yet, Shetty et al. had a higher complication rate as they record three eyes (10%) with KC progression resulting from VKC within a 2-year follow-up period after accelerated epithelium-off CXL. 28 Furthermore, VKC not only accelerates the progression of KC but it is also associated with limbal stem cell dysfunction and deficiency and, thus, protecting the limbal stem cells during CXL is important. 28, 29 In conclusion, our study proves that CXL-Plus is only partially effective for the treatment of pediatric KC. The high rate of KC progression after accelerated epitheliumon CXL indicates the aggressive nature of pediatric KC and strongly supports the need for a shift to standard CXL in the treatment of pediatric KC. In addition, despite the apparently excellent results of Keraring implantation, the high segment explantation rate over a very short follow-up period leads us to the recommendation to postpone in pediatric patients the implantation of any type of ICRS. We strongly recommend considering VKC and chronic eye rubbing as contraindications to ICRS implantation in these patients. Our findings also suggest an assessment of standard epithelium-off collagen cross-linking as a sole procedure to treat pediatric keratoconus in future studies.
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